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ABSTRACT
We present the goals, design, and first results of the MUSE Ultra Deep Field (MUDF)
survey, a large programme using the Multi Unit Spectroscopic Explorer (MUSE) in-
strument at the ESO Very Large Telescope. The MUDF survey is collecting ≈ 150
hours on-source of integral field optical spectroscopy in a 1.5 × 1.2 arcmin2 region
which hosts several astrophysical structures along the line of sight, including two
bright z ≈ 3.2 quasars with close separation (≈ 500 kpc). Following the description of
the data reduction procedures, we present the analysis of the galaxy environment and
gaseous properties of seven groups detected at redshifts 0.5 < z < 1.5, spanning a large
dynamic range in halo mass, log(Mh/M) ≈ 11 − 13.5. For four of the groups, we find
associated Mg ii absorbers tracing cool gas in high-resolution spectroscopy of the two
quasars, including one case of correlated absorption in both sightlines at distance ≈ 480
kpc. The absorption strength associated with the groups is higher than what has been
reported for more isolated galaxies of comparable mass and impact parameters. We
do not find evidence for widespread cool gas giving rise to strong absorption within
these groups. Combining these results with the distribution of neutral and ionised gas
seen in emission in lower-redshift groups, we conclude that gravitational interactions
in the group environment strip gas from the galaxy haloes into the intragroup medium,
boosting the cross section of cool gas and leading to the high fraction of strong Mg ii
absorbers that we detect.
Key words: galaxies: evolution – galaxies: groups – galaxies: high-redshift – galaxies:
halos – quasars: absorption lines
? E-mail: matteo.fossati@durham.ac.uk
1 INTRODUCTION
In the last few decades, observations from ground and space
based telescopes coupled to theoretical models have built the
c© 2019 The Authors
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Lambda cold dark matter (ΛCDM) model. In this framework
galaxies form within dark matter haloes that grow hierarchi-
cally (e.g. Gunn & Gott 1972; White & Rees 1978; Perlmut-
ter et al. 1999). Several, and often competing, processes then
lead to the growth, evolution and final fate of galaxies inside
these haloes, giving rise to the diverse morphology, colours,
and structural properties of present-day galaxies. One of the
major tasks of modern theories of galaxy formation is thus
to describe in detail the physical processes that underpin
this observed evolution.
Galaxies grow both in mass and size (Muzzin et al. 2013;
van der Wel et al. 2014) by acquiring gas either through
cooling of a hot gas halo, or via cold gas streams fed by
cosmic filaments (e.g Keresˇ et al. 2005; Dekel & Birnboim
2006; van de Voort et al. 2011). The process of star for-
mation converts the gas into stars and it is tightly related
to the net balance of gas accretion and ejection (Bouche´
et al. 2010; Dave´ et al. 2012; Lilly et al. 2013; Sharma &
Theuns 2019). Feedback processes related to stellar winds,
supernova explosions, and active galactic nuclei eject gas
back into the haloes surrounding galaxies: the circumgalac-
tic medium (CGM). While some of this gas falls back on the
galaxy in a fountain-like mode (Fraternali & Binney 2008),
a fraction of it can leave the halo of galaxies contributing
to the metal enrichment of the intergalactic medium (IGM,
e.g Dekel & Silk 1986; Schaye et al. 2003; Springel et al.
2005; Oppenheimer et al. 2010). Within this framework, it
becomes crucial for an effective theory of galaxy evolution
to understand how inflows and outflows interact and coexist
within the CGM (e.g. Steidel et al. 2010; Tumlinson et al.
2017), that is the gaseous component surrounding galaxies.
At the same time, galaxies do not evolve in isolation,
but are accreted onto more massive structures, comprising
groups or clusters of galaxies. Indeed, it has long been known
that galaxies in dense environments have different properties
than those in less dense environments, both in terms of gas
content and structural properties (e.g. Oemler 1974; Dressler
1980; Giovanelli & Haynes 1985; Balogh et al. 2004; Peng
et al. 2010; Fossati et al. 2017). Environmental processes,
triggered by the interactions between galaxies themselves
with the hot medium in massive haloes and with the IGM
further regulate the gas supply of galaxies (e.g. Boselli &
Gavazzi 2006), leading to a different evolution compared to
more isolated galaxies.
Significant progress has been made in understanding the
gas-galaxy co-evolution since the advent of large spectro-
scopic surveys of galaxies at z . 1 (e.g. SDSS; York et al.
2000 or GAMA; Driver et al. 2011). These galaxy surveys
have been complemented by spectroscopic observations of
quasars allowing for detailed studies of the CGM in ab-
sorption as a function of galaxy properties (including mass,
star-formation rates), and their environment (e.g. Prochaska
et al. 2011; Tumlinson et al. 2013, 2017; Stocke et al. 2013;
Bordoloi et al. 2014b; Tejos et al. 2014; Finn et al. 2016;
Kauffmann et al. 2017). These studies reveal the ubiqui-
tous presence of a multiphase, enriched, and kinematically-
complex CGM surrounding every galaxy (Werk et al. 2014,
2016). This picture of a multiphase CGM has been extended
to z > 1 thanks to extensive observational campaigns with
multi-object spectrographs on 8-10m telescopes (e.g. Steidel
et al. 2010; Rubin et al. 2010; Crighton et al. 2011; Rudie
et al. 2012; Turner et al. 2014; Tummuangpak et al. 2014;
Turner et al. 2017). Despite these advancements, however,
our view of the CGM at early cosmic epochs has been mostly
limited to star-forming galaxies at the bright end of the UV
luminosity function, and to scales of ≈ 0.1 − 1 Mpc around
galaxies, due to the difficulty in obtaining spectroscopy of
samples of objects at small projected separations from the
quasars using traditional multi-objects spectrographs.
These limitations have recently been lifted by integral
field spectrographs which have been deployed at the largest
observing facilities, including the Multi Unit Spectroscopic
Explorer (MUSE; Bacon et al. 2010) at the ESO Very Large
Telescope, and the Keck Cosmic Web Imager (KCWI; Mor-
rissey et al. 2018) at the Keck Observatory. In particular,
thanks to its large 1 arcmin2 field of view, its extended wave-
length coverage in the optical, and its exquisite sensitivity,
MUSE has become the ideal instrument for studies of the
CGM of galaxies in quasar fields (e.g. Schroetter et al. 2016;
Fumagalli et al. 2016, 2017b; Pe´roux et al. 2017; Bielby et al.
2017; Klitsch et al. 2018; Chen et al. 2019).
Leveraging the unique features of this instrument,
we have designed an observational campaign to acquire
very deep MUSE observations in the field centred at
21h:42m:24s,−44◦:19m:48s (hereafter the MUSE Ultra Deep
Field or MUDF). This field stands out for its rare prop-
erty of hosting two bright quasars at z ≈ 3.22 that probe
the IGM and CGM of intervening galaxies with two sight-
lines ≈ 60 arcsec apart. Another quasar lies at the same red-
shift at ≈ 8 arcmin separation, making this system a quasar
triplet (Francis & Hewett 1993). Upon its completion, this
programme will acquire ≈ 200 hours of MUSE data (corre-
sponding to ≈ 150 hours on source) in a 1.5× 1.2 arcmin2 re-
gion around the two quasars (ESO PID 1100.A−0528). This
programme is complemented by deep high-resolution spec-
troscopy of the quasars using the UV and Visual Echelle
Spectrograph (UVES Dekker et al. 2000) at the VLT (ESO
PIDs 65.O−0299, 68.A−0216, 69.A−0204, 102.A−0194), and
by the deepest spectroscopic survey (90 orbits in a single
field) in the near infrared using the Wide Field Camera 3
instrument on board the Hubble Space Telescope, together
with deep 8-orbit near UV imaging (HST PIDs 15637 and
15968).
These combined datasets will enable us to achieve sev-
eral goals. First and foremost, we will connect the presence
of gas in the CGM of galaxies with their properties and their
environment from z ≈ 3 to the present day. Without a pre-
selection for UV and optically bright sources, we will have
a unique vantage point on the low mass galaxy population
up to z ∼ 3. Furthermore, the MUDF hosts notable struc-
tures as a function of redshift. For instance, a correlated
strong H I absorber detected in both sightlines at z ≈ 3 hints
at an extended structure running across the field of view
(D’Odorico et al. 2002). Moreover, the presence of a quasar
pair is suggestive of an overdense region at z ≈ 3.22, which
is predicted to lie at the intersection of filaments in the cos-
mic web. Indeed, in the first paper of this series, Lusso et al.
(2019) studied the morphology of the giant Lyα nebulae sur-
rounding the quasars, finding an elongation of the ionized
gas along the line connecting the two quasars. In the future,
once we have the full dataset, we will search for the pres-
ence of ionized gas in this putative filament. The depth of
the observations will also provide spectra of exquisite quality
for a few hundred objects. Thanks to our multiwavelength
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dataset from the near-UV to the near-IR, we will study the
properties and structure of low-mass galaxies across a large
fraction of cosmic time.
In this paper, we present the survey design and the de-
tails of the MUSE observations and data reduction. As a first
application we focus on the connection of enriched cool gas
(T ∼ 104 K), as traced by the Mg ii λλ 2796, 2803Å absorp-
tion doublet in the quasar spectra, with the galaxy popula-
tion and its environment at 0.5 < z < 1.5. Even though the
full MUSE dataset is still being collected, the observations
available to date already provide an excellent dataset for
an accurate reconstruction of the local galaxy environment,
and of the physical properties of galaxies at z . 1.5. Several
studies have used the Mg ii doublet to trace gas with simi-
lar column densities to that detected through 21-cm atomic
hydrogen observations (e.g. Bergeron 1986; Kacprzak et al.
2008; Steidel et al. 1994; Chen & Tinker 2008; Chen et al.
2010; Gauthier 2013; Bordoloi et al. 2014a; Nielsen et al.
2015; Schroetter et al. 2016; Nielsen et al. 2018; Rubin et al.
2018a,b). These studies have found that Mg ii absorbers
trace the CGM of galaxies and possibly outflowing gas up
to a distance of ∼ 100 kpc (Kacprzak et al. 2008; Chen et al.
2010). This transition is therefore ideal to study the CGM
of galaxies in groups and in isolation in the MUDF, for the
first time in a very deep and complete dataset.
The paper is structured as follows: first we present the
MUDF survey strategy, the data reduction procedures, and
the quality validation of the MUSE data (Section 2), and of
the high-resolution UVES spectroscopy (Section 3). We then
describe the procedures adopted to extract the sources and
their properties (Section 4), and the reconstruction of the
local environment by searching for groups of galaxies in the
field (Section 5). In Section 6, we describe a novel method
to fit the high resolution quasar spectra to extract metal
absorption profiles and we present our results on the corre-
lation of absorbers and galaxies in groups and in isolation.
We conclude with a discussion of these results (Section 7)
and with a summary of our findings (Section 8).
Throughout this paper, we assume a flat ΛCDM cos-
mology with H0 = 67.7 km s−1 Mpc−1 and Ωm = 0.307 (Planck
Collaboration et al. 2016). All magnitudes are expressed in
the AB system, distances are in proper units, and we assume
a Chabrier (2003) stellar initial mass function.
2 MUSE OBSERVATIONS
2.1 Survey strategy and current status
The science goals of the MUDF programme include the
study of the galaxy population around and along the line
of sight to the quasar pair, a deep search for Lyα emission
from the putative filaments which are expected to connect
the two quasars at z ≈ 3.22. Because the projected distance
of these quasars is ≈ 62 arcsec on the sky, a single Wide Field
MUSE pointing of 60 arcsec on a side (the exact shape is
trapezoidal) would not allow a full mapping of the area of in-
terest. For these reasons, we designed an observational strat-
egy that includes two heavily-overlapping pointings: North-
West and South-East (hereafter named simply North and
South), the centres of which are shown as black crosses in
Figure 1. Throughout the entire survey, we plan to collect
∼ 200 frames dithered around each of these centers. The
nominal exposure time of each frame is 1450s and different
frames include small on-sky dithers (≈ 3− 4 arcsec), as well
as 10 deg rotations of the instrument to reduce systematic
errors arising from the different response of the 24 spectro-
graphs and detectors of MUSE. While multiple exposures
will be taken at the same rotation angle, the sequence of
dithers has been designed to ensure that those exposures
will not have the same centre and orientation.
The final survey footprint will be ellipsoidal, with a
≈ −45 deg position angle (North through East), and a ma-
jor and minor axis of ≈ 110 and 90 arcsec respectively. At
the time of writing, we have reached ∼ 35% completion, and
Figure 1 shows the exposure map generated with these data
overlaid on a combination of white-light images from the
MUSE data itself and from the Dark Energy Survey (DES)
Data Release 1 (Abbott et al. 2018) outside the MUSE foot-
print. The survey design prioritises the collection of deeper
data in the area between the two quasars, where our science
goals warrant maximum sensitivity. The outer black dashed
contours mark the regions with at least 15 hours and 30
hours of exposure, respectively.
The instrument setup makes use of the MUSE Wide
Field Mode with extended wavelength coverage in the blue
(4650−9300Å), in order to search for Lyα emitting galaxies
down to z ≈ 3. We also take advantage of the Ground Layer
Adaptive Optics module (GALACSI) which uses artificial
laser guide stars to improve the image quality by partially
correcting for atmospheric turbulence. In this way, the ob-
servations can be performed under a wider range of natural
seeing conditions without compromising the image quality
of the final mosaics. However, this setup implies that we
cannot use data between 5760Å and 6010Å, a range affected
by the sodium line generated by the laser beam. Moreover,
laser induced Raman scattering of molecules in the atmo-
sphere creates emission lines outside this range. These lines
are removed as part of the sky subtraction data reduction
steps with no impact on the data quality.
In this paper, we present results obtained with the first
44.1 hours of observations. The data are collected as part
of ESO programme 1100.A-0528. The first run (A) was ex-
ecuted in visitor mode on 16th August 2017, where we ac-
quired 19 exposures of 1270s each in dark-time. The condi-
tions were excellent with clear skies and an image quality of
0.4-0.6 arcsec in the final reconstructed frames. After this
successful run, further dark-time observations have been ex-
ecuted in service mode (runs B and C) under similarly good
observing conditions. As of June 2019, we have acquired 93
frames with an exposure time of 1450s each. In total we
have acquired 159ks of data, corresponding to 44.1h. The
image quality on the final coadd has a FWHM=0.57 arcsec
as measured by Moffat profile fits to point sources.
2.2 Data reduction
The data reduction procedure follows the methodology de-
scribed in previous works by our team (Fumagalli et al.
2016, 2017a; Lofthouse et al. 2019). In brief, we use the
ESO pipeline (v2.4.1 Weilbacher & et al. 2014) to reduce
the calibrations (bias, flat, arcs, and standard stars) and
apply them to the individual exposures. We also use this
software to resample the detector values into cubes that are
MNRAS 000, 1–20 (2019)
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Figure 1. Exposure map (colour scale) of the MUSE observa-
tions in the MUDF overlaid on an optical white light image from
the MUSE data where available or from the Dark Energy Survey
combined g, r, i images elsewhere (shown in grey on the same
surface brightness scale). North is up and East is left. The outer
and inner black dashed contours mark the regions with at least
15 hours and 30 hours of exposure, respectively in this partial
dataset. The black and the white crosses mark the pointing cen-
tres and the position of the two quasars, respectively.
then sky subtracted using models of the sky continuum and
sky lines that are matched to the data extracted from the
darkest pixels in each frame. The individual exposures are
then aligned by using the position of point sources in the
field, and we generate a first coadd of the frames. We regis-
ter this initial coadd to match the WCS coordinates of the
two quasars from the Data Release 2 of the GAIA survey
(Gaia Collaboration et al. 2018). The combination of rel-
ative offsets (arising from dithers) and this absolute WCS
offset (arising form the pointing accuracy of MUSE) is then
propagated into the pixel-tables of each exposure. We then
reconstruct the cubes again for each exposure, this time on
a pre-defined spatial grid of 540×540 pixels, with each voxel
(volumetric pixel) measuring 0.2 arcsec in the spatial direc-
tion and 1.25A˚ in the spectral direction. The size of the grid
has been chosen such that all the spatially aligned expo-
sures of the programme will fall onto it, which eliminates
the need for re-projecting the data when new observations
are acquired.
The cubes produced by the ESO pipeline are not yet
fully science-grade, as they are still affected by an uneven
spatial illumination and by residuals from sky lines subtrac-
tion (Bacon et al. 2017). To correct for these effects, we
post-process the individually aligned, reconstructed and un-
skysubtracted exposures using routines from the CubEx-
tractor package (v1.8, CubEx hereafter, Cantalupo in
prep.; see Cantalupo et al. 2019 for a description of the algo-
rithms). The adopted procedure follows earlier work using
MUSE data (Borisova et al. 2016; Fumagalli et al. 2016,
2017a).
In brief, we use the CubeFix tool to correct residual dif-
ferences in the relative response of the 24 MUSE IFUs and
of individual slices, which are not fully corrected by flat-field
calibration frames. CubeFix improves the illumination uni-
formity by measuring the average illumination in each stack
(the MUSE FoV is composed of 24 IFUs which are further
made of 4 stacks of 12 slices), as a function of wavelength
on white-light images generated on-the-fly from the cube.
We then use the CubeSharp tool for sky subtraction. The
algorithm performs a local sky subtraction, including empir-
ical corrections of the sky line spread function (LSF). The
combination of these two routines is applied twice, by using
the first illumination-corrected and sky-subtracted cube to
mask the sources in the field for the second iteration. The
masking step is critical to measure the true instrumental il-
lumination in each stack and to achieve a high-quality sky
subtraction.
After this first double pass of the CubEx tools on the
individual frames, we coadd them with mean statistics and
3σ clipping to generate a deep white light cube. This cube
is then used to detect and mask the sources and the deep
mask is then fed into CubeFix and CubeSharp for a fi-
nal run. After this step we measure the FWHM of point
sources, their average flux and their position with respect
to the GAIA astrometry using Moffat fits to the white light
images of each exposure. The distribution of these values
across all the exposures are then inspected to ensure that
all the frames are correctly aligned and flux calibrated. The
photometry is consistent at a 4% r.m.s. level across frames
and the astrometric precision is within 0.05 and 0.03 arcsec
in R.A. and Dec. respectively, i.e. < 10% of the spatial reso-
lution. Moreover, no frame has been identified to be a > 3σ
outlier on any of these metrics and therefore we include all
frames in the final combine.
Lastly, we combine the individual cubes with a 3σ clip-
ping rejection of outliers and both with mean and median
statistics. We also generate mean combines obtained with
two independent halves of the exposures. These products
are useful to correctly identify weak emission-line sources in
the cube from residual artefacts (e.g. residuals of cosmic ray
hits), which are likely to appear only in one of the two in-
dependent combines. The CubEx reduction pipeline signif-
icantly improves the quality of the illumination uniformity
across the entire observed area. We quantified the flatness of
the illumination by comparing the standard deviation of the
flux in sky pixels of the white-light image from the CubEx
processing relative to the ESO reduction, finding a ratio of
0.23. This means that the products used in this work are
four times deeper than what would have been possible to
achieve with the standard pipeline.
2.3 Noise characterisation
During each step of the reduction process, the Poisson noise
from detector counts is propagated and then combined into a
cube that contains the variance of the resampled flux values.
However, during several steps, including the drizzle interpo-
lation onto the final grid, the propagated variance departs
from accurately reproducing the effective standard devia-
MNRAS 000, 1–20 (2019)
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Figure 2. Histograms of flux in voxels values, normalised by
the voxel standard deviation from the ESO+CubEx pipeline in
three wavelength ranges (blue, orange, and green), and in the full
wavelength range after reconstructing the variance cube using a
bootstrap resampling technique (red). Shown with black lines are
Gaussian fits to these distributions, with the resulting standard
deviation listed in the legend. Only spatial pixels free from con-
tinuum sources are included in this analysis.
tion of individual voxels in the final data cube (see Loft-
house et al. 2019). In Fig. 2 we show the flux distribution
of voxels ( fvox) normalised by the pipeline error (σ1) in each
pixel within three wavelength intervals that are increasingly
affected by atmospheric sky lines (namely 4900 − 5500 Å,
6400 − 7000 Å, and 7800 − 8400 Å, in blue, orange, and
green, respectively). Once sources are masked, the distri-
bution is expected to approximate a Gaussian (the black
lines are Gaussian fits to the distributions), with standard
deviation of unity. Instead, Figure 2 shows that the pipeline
error underestimates the true standard deviation in regions
free from sky lines (blue histogram, with σ = 1.19), while it
overestimates it in regions more contaminated by skylines
(green histogram, with σ = 0.83). Moreover, the distribu-
tion of fvox/σ1 in the wavelength interval 7800−8400 Å shows
the largest departure from a Gaussian distribution, an effect
that could be attributed to the second-order contamination
of the spectra due to our use of the MUSE extended wave-
length mode.
We overcome this issue by bootstrapping the combi-
nation of individual exposures for each pixel to accurately
reconstruct the noise in the final mean, median, and half-
exposure cubes. For this, we use 10,000 realisations of the
bootstrap procedure to produce a variance cube. We then
inspect the flux distribution of pixel values divided by the
standard deviation of this new error, finding a distribution
much closer to Gaussian, although still offset by a few per-
cent from unity. We attribute this offset to a non-Gaussian
distribution of the fvox values. Due to this small offset, we
further rescale the bootstrap variance cube to obtain a dis-
tribution of fvox/σ1 that is unity on average, as shown by
the red line in Figure 2. We also note that by adopting this
improved variance cube, the trend with wavelength which
affects the propagated variance is also removed.
Lastly, we derive a model for the correlated noise arising
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Figure 3. Ratio between the flux dispersion in apertures of vary-
ing size (σeff) and the error derived propagating the variance (σN),
as computed across the MUDF datacube in a 5A˚ window (4 pix-
els) as a function of wavelength and aperture size. The dark stripe
just below 6000A˚ is the region without valid data due to the scat-
tered light from the AO laser.
from the resampling of the pixel tables onto a final grid, as
described in Lofthouse et al. (2019). This model represents
the correction that needs to be applied to the propagated
error for a source in a square aperture of N spatial pixels
on a side, σN, to recover the effective noise, σeff . In the spec-
tral direction we use an aperture of 4 pixels (≈ 5Å) which
is generally appropriate for narrow emission lines in galax-
ies. Figure 3 shows this correction in bins of wavelength and
aperture size. While the dependence with aperture size is a
smooth and monotonic function, the wavelength trend is not
trivial to understand. It does not correlate to the brightness
of sky lines, and we hypothesize it might be driven by the
opto-mechanical design of the instrument, by our observing
strategy, or more likely by a combination of the two. Regard-
less of the physical origin, when using these data to search
for line emitters, we will use a second-order polynomial fit
that describes σeff/σN as a function of the aperture size, for
the wavelength bin where each source is found.
3 HIGH-RESOLUTION QUASAR
SPECTROSCOPY
As part of the MUDF survey, we are collecting a set of an-
cillary data to complement the MUSE observations. In this
work, we make use of UVES high-resolution spectroscopy
of the two quasars, J214225.78-442018.3 (also known as
Q2139−4434, and hereafter QSO-SE) at z = 3.221±0.004 and
J214222.17-441929.8 (Q2139−4433, hereafter QSO-NW) at
z = 3.229 ± 0.003 (Lusso et al. 2019), for which we provide a
description of the data acquisition and data reduction.
Some UVES data for the two quasars already exists in
the ESO archive (PIDs 65.O-0299, 68.A-0216, 69.A-0204,
D’Odorico et al. 2002). These data cover the wavelength
range ≈ 4100− 9000 A˚, with a gap between ≈ 7400− 7500 A˚,
due to the gap between the two CCDs in the red arm of
MNRAS 000, 1–20 (2019)
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UVES. The S/N of the bright quasar is ≈ 25 per pixel across
most of the wavelength range, while the fainter quasar has
a S/N ≈ 8 per pixel. To increase the wavelength cover-
age (down to ≈ 3600 A˚ and to fill the current gaps) and
to increase the S/N of the fainter quasar, we have been
awarded a total of 23 hours of new UVES observations (PID
102.A−0914). At the time of writing, observations for QSO-
SE have been completed for a total of 7h on-source, while
for QSO-NW only 15.5h were obtained, and 17h are still
to be observed. In this paper, we therefore make use of the
full dataset for the brighter quasar, relying only on a par-
tial dataset for the fainter one. We will describe the spectra
obtained from the complete observations in a forthcoming
paper.
All data were reduced with the current version of the
UVES pipeline (v. 5.10.4), using default parameters and pro-
cedures. At the end of the standard reduction process, the
non-merged, non-rebinned spectra were reformatted with a
custom script and input to the ESPRESSO Data Analysis
Software (DAS, Cupani et al. 2016) for the final operations of
coaddition and continuum fitting. This step avoids multiple
rebinning of the spectra, which would introduce correlations
in the error array. Spectra have been normalized to the con-
tinuum estimated by the ESPRESSO DAS. This software
fits a cubic spline to the spectrum redward of the Lyα emis-
sion. In the Lyα forest, the fit is iteratively improved by the
simultaneous fit of the Lyα absorption lines (for more de-
tails see Cupani et al. 2016). The final continuum-normalised
spectra were then rebinned to a constant velocity step of 2.5
km s−1.
4 THE GALAXY POPULATION IN THE
MUDF
In this Section we characterize the galaxy population de-
tected in the MUDF and describe the procedures used for the
identification of continuum sources, the extraction of their
spectroscopic redshifts, and the derivation of their physical
properties through stellar population syntesis fits.
4.1 Source detection
We identify continuum sources using the SExtractor
(Bertin & Arnouts 1996) software on the white light im-
age reconstructed from the MUSE datacubes. We input a
variance image and we use a conservative threshold of 3σ
above the local noise, and a minimum area of 10 pix-
els for detection. The minimum deblending parameter DE-
BLEND CONT is set to 0.0001, chosen to enable the detec-
tion of sources in crowded regions of the mosaic. We restrict
source extraction to the area where we collected more than
10 exposures, corresponding to an observing time of ≈ 4
hours, to avoid spurious detections at the noisy edges of the
field of view. In future publications we will use deep HST
imaging for source detection in the field.
This procedure, identified 250 sources. For each of them,
we extract the magnitude in the detection image (mMUSE)
in an elliptical aperture with size equal to 2.5 times the
Kron (1980) size from SExtractor. We also reconstruct
a 1D spectrum summing the spectra from pixels within the
Kron aperture, also transforming the wavelength to vacuum.
In both these procedures, we mask nearby sources whose
segmentation map falls in the extraction mask to minimize
the effects of blending.
We measure redshifts using the Marz software (Hinton
et al. 2016), which we customize1 with the inclusion of high-
resolution synthetic templates for passive and star-forming
galaxies at z < 2 derived from Bruzual & Charlot (2003) stel-
lar population synthesis models. Following automatic tem-
plate fitting, individual sources are inspected and classified
by two authors (MFo and EKL) in four classes (4, secure
redshift with multiple absorption or emission features; 3,
good redshift with single but unambiguous feature; 2, possi-
ble redshift, based on a single feature; 1, unknown redshift).
Typical redshift uncertanties are δz ≈ 0.0002 × (1 + z), corre-
sponding to δv ≈ 60 km s−1.
The final redshift classification is presented in Table 1.
Figure 4 shows the position within the MUDF footprint of
the continuum-detected sources and their SExtractor IDs.
Hereafter we make use only of the objects with a reliable
spectroscopic redshift (classes 3 and 4) which are marked
with red apertures. The redshift distribution of these 117
sources (47% of the detected sample) is shown in Figure
5. The range 1.5 < z < 2.5, known as the “redshift desert”,
does not have significant detections due to the absence of
strong emission lines that would fall within MUSE coverage.
Only two galaxies are identified there thanks to strong Al iii
absorption lines in their spectra. This range, however, will be
filled in by the ultra-deep near-infrared observations which
we are collecting with HST/WFC3.
4.2 Completeness
To assess the completeness of our source extraction proce-
dure, we inject mock sources of known magnitude into the
detection (white-light) image and we assess their detection
rate. First, we inject two dimensional Gaussian templates
with a FWHM of 0.6 arcsec to simulate unresolved point
sources at the resolution limit of the final MUSE mosaic.
Then, we repeat the experiment using circular exponen-
tial profiles which are more appropriate for real disk-like
galaxies. In this case we use an exponential scale length of
0.26 arcsec which corresponds to an effective radius of 5 kpc
at z ∼ 1, which is typical for star-forming galaxies (van der
Wel et al. 2014). The intrinsic exponential profiles are con-
volved with a Gaussian kernel with a FWHM of 0.6 arcsec
to account for the effects of the observational PSF, and do
not include the effects of the disk inclination. In each it-
eration, we inject 80 mock sources (to avoid confusion and
blending issues) in blank background regions and we repeat
the detection procedure 10,000 times.
The bottom panel of Figure 6 shows the fraction of de-
tected mock sources as a function of magnitude for sources
injected at locations of the image with different exposure
times. For point sources (solid lines) we reach fainter lim-
its than for extended sources (dashed lines), due to their
compactness. The arrows mark the faintest magnitude at
which we are 90% complete in each bin of exposure time.
In the deepest bin, where we have so far collected between
1 This version is available at https://matteofox.github.io/
Marz
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Figure 4. Reconstructed optical white-light image from the MUSE data (where available) or from the DES g, r, i images (outside the
MUSE FoV). North is up and East is left. The two quasars are marked with white crosses. Continuum-detected sources identified within
the MUSE field are marked with apertures (red for sources with spectroscopic redshifts with confidence classes 4 and 3) with size equal
to 6 times the Kron radius. The dotted orange contour encloses the region where the exposure time is ≥ 4h.
ID Name R.A. (J2000) Dec. (J2000) mMUSE σmMUSE Redshift Confidence log(M∗/M)
1 MUDFJ214226.11-442031.3 325.60878 −44.34204 24.3 0.2 4.0441 4 -
2 MUDFJ214223.99-442029.5 325.59996 −44.34154 26.0 0.3 - 1 -
3 MUDFJ214224.73-442025.4 325.60304 −44.34039 25.7 0.3 - 1 -
4 MUDFJ214223.34-442029.4 325.59725 −44.34151 24.3 0.1 - 1 -
5 MUDFJ214225.93-442026.3 325.60805 −44.34064 23.6 0.1 1.0530 4 10.24
Table 1. The first five continuum sources in the MUDF extracted by Sextractor with S/N > 3. Column 1 shows the source ID, column
2 shows the source name. Columns 3 and 4 list the right ascension and declination of the sources followed by the MUSE white-light
magnitude of the source in column 5 with its associated error (column 6). The redshifts obtained using MARZ are shown in column
7 followed by their confidence (column 8). A confidence flag of 3 or 4 indicates reliable redshifts while flags 1 or 2 are for unknown or
highly uncertain redshifts, respectively. Column 9 shows the stellar mass from stellar population fitting for sources with z < 1.5. The full
table is included as online only material.
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Figure 5. Distribution of spectroscopic redshifts with confidence
classes 4 and 3 (see text for details) for continuum sources in the
MUDF.
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Figure 6. Top Panel: Number of galaxies extracted as a func-
tion of the magnitude in the detection image. The grey dashed line
shows the expected number of galaxies determined from a linear
fit to the region between mMUSE > 24 mag and mMUSE < 26.5 mag.
Bottom Panel: Fraction of mock sources detected by Sextrac-
tor. The solid lines are for the injection of Gaussian sources
with a FWHM of 0.6 arcsec. The dashed lines are for sources
with an exponential profile with scale-length equal to 0.26 arc-
sec and PSF convolved. Lines of different colours are for different
exposure times in the MUDF map. The arrows (filled for point
sources and empty for extended ones) mark the faintest magni-
tude at which we are 90% complete in each bin of exposure time.
The black points (with errorbars) show the empirical detection
fraction determined as the ratio of the detected galaxies relative
to the expected number from the linear fit in the top panel.
30-45 hours of data, we reach mMUSE ' 27.8 mag and 26.6
mag for point-like and extended sources, respectively. The
top panel of Figure 6 shows the number of detected galax-
ies as a function of the white-light magnitude, mMUSE. We
fit a linear relation (dashed line) to the logarithm of the
number counts in the region 24 mag < mMUSE < 26.5 mag,
where our survey is complete. We then show in the bottom
Filter Name λmin (A˚) λmax (A˚)
MUSE Blue 4750 5700
MUSE Green 6100 7100
MUSE Red 7100 8200
MUSE NIR 8200 9300
Table 2.Name and wavelength range of the top-hat filters defined
for the photometric extraction.
panel the empirical detection fraction (black points) deter-
mined as the ratio of the detected galaxies relative to the
expected number from the linear fit. Despite the low num-
ber statistics, we find that this empirical detection fraction
is in between the limits defined by the two mock experi-
ments (point sources and extended sources), complementing
and corroborating the approach based on mocks.
Lastly we note that, to reach maximum depth, the de-
tection image is obtained from the full MUSE wavelength
range, which does not correspond to the most commonly
used broad-band filters. To facilitate the comparison to other
imaging surveys we have computed the following color cor-
rections for a star-forming (passive) galaxy template at z = 1:
mMUSE − rSDSS = −0.31(−0.44), and mMUSE − iSDSS = 0.04(0.05).
4.3 Source photometry and ancillary data
Taking advantage of the wide wavelength coverage of MUSE,
we extract source photometry in four pseudo-filters with
the goal of characterising the physical properties of the
galaxy population. The width and the number of filters have
been carefully selected to maximise our sensitivity to strong
breaks in the galaxy spectra, while keeping a good S/N ra-
tio in the measurements, and avoiding the gap in the spectra
due to the AO laser filter. We convolve the MUSE datacube
with the top-hat filters, whose ranges are given in Table 2, to
generate an image and the associated variance. We then run
a forced photometry algorithm using apertures with radius
2.5×rKron as defined above for the detection image.
The MUSE data probe the rest-frame near-UV to opti-
cal region of the galaxy spectra for sources at z . 1.5. While
providing a good sensitivity of the recent star-formation ac-
tivity and stellar content of the galaxies, these blue wave-
lengths are affected by dust extinction which could bias our
reconstruction of the galaxy parameters.
To mitigate this issue, we include in our analysis data
taken with the IRAC (Fazio et al. 2004) instrument onboard
the Spitzer (Werner et al. 2004) Space Telescope. IRAC
imaging of an area of the sky including the MUDF has been
taken during the cryogenic mission (PID: GO-3699, Colbert
et al. 2011) using the four channels at 3.6, 4.5, 5.8, and
8.0µm. However, due to the field of view offset of the IRAC
camera, only the channels at 3.6, and 5.8µm cover the MUDF
in its full extent, and we use them in this work. The total
integration time per pixel of these observations are 1800s,
and image FWHM is ≈ 1.8 arcsec.
To extract IRAC photometry from these images we use
the t-phot software (Merlin et al. 2015), which optimally
deals with the lower resolution of IRAC data in crowded
fields by means of source priors from higher resolution imag-
ing. We use the MUSE white light image, PSF model and
source catalogue as the high resolution dataset. We then
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Figure 7. Example of the stellar population fitting results for source ID 35 in the MUDF. Rest-frame MUSE spectrum (black line) and
best fit model (red line). The fit residuals (Data-Model) are given below the main panel, and the shaded area shows the noise array. The
inset shows the spectral energy distributions extracted from the MC-SPF posterior (red lines) with the observed photometry overplotted
in black. The blue lines show the contribution of young stars (Age < 10 Myr) to the total template.
derive a Gaussian convolution kernel for each IRAC chan-
nel, to transform the MUSE PSF into the IRAC one. Lastly
we resample the IRAC data onto the MUSE pixel grid and
run t-phot. Due to the shallowness of the IRAC data, only
the relatively bright sources can be detected robustly, espe-
cially in crowded areas of the MUDF. In the end, we visually
inspected the t-phot results for each source to assess if re-
sults: i) can be used and the detection is at least with 3σ
significance; ii) can be used as an upper limit; iii) cannot
be used because the source is faint and it is highly blended
with a nearby bright source. In the first two cases (95% of
the sources we fit), we include the IRAC data in the esti-
mates of the stellar populations as described in the following
section.
4.4 Stellar population parameters
We characterize the physical properties of the galaxy pop-
ulation in the MUDF by jointly fitting the MUSE spectra
and the photometric data derived from MUSE and IRAC
as described above. These combined data sets allow us to
derive reliable estimates for the star-formation history, stel-
lar mass, current star-formation rate, and dust content of
the galaxies. This multi-wavelength approach is instrumen-
tal in breaking the degeneracy that often arise between these
parameters, most notably between stellar mass and dust ex-
tinction, or star-formation rate and galaxy age (Wuyts et al.
2011; Fossati et al. 2018). In this work, we primarily use the
derived stellar masses, and we postpone the discussion of
results involving the other quantities to a follow-up paper,
where we will re-assess the quality of these measurements by
adding into the fitting procedure the near-UV and near-IR
data that will be collected with HST as part of programmes
PID 15637 and 15968.
To infer the source properties, we fit the observed
data to synthetic models using the Monte Carlo Spectro-
Photometric Fitter (MC-SPF). A more complete descrip-
tion of the code is given in Fossati et al. (2018); here we
briefly describe the procedure and the model set. First, we
build a grid of synthetic stellar spectra from the Bruzual
& Charlot (2003) high-resolution models at solar metallic-
ity. Following similar work that studied the properties of
galaxies in deep fields (Wuyts et al. 2011; Momcheva et al.
2016), we use exponentially-declining star-formation histo-
ries with e-folding times varying between 300 Myr and 15
Gyr, and galaxy ages varying between 50 Myr and the age of
the Universe at the redshift of each galaxy. With the imposed
minimum e-folding time, Wuyts et al. (2011) found that
the SFR derived with this spectral energy distribution tech-
nique matches the one obtained from UV+far-IR photom-
etry for systems with low-to-intermediate star-formation
rates (S FR . 100 M yr−1), which are likely to dominate the
sources in our small field.
We further add nebular emission lines to the stellar tem-
plate, by using line ratios from Byler et al. (2018) scaled to
the line luminosity using the number of Lyman continuum
photons from the stellar spectra. The SFH and nebular emis-
sion grids are interpolated on-the-fly during the likelihood
sampling. We assume a double Calzetti et al. (2000) atten-
uation law to include the effects of dust attenuation. Stars
older than 10 Myr and emission lines arising from them are
attenuated by a free parameter, Aold, while younger stars
are attenuated by Ayoung = 2.27 × Aold to include the extra
extinction occurring within the star forming regions.
We jointly fit the photometric data points and the
MUSE spectra at their native resolution. A third degree
multiplicative polynomial is used to normalize the spectra
to the photometric data and to remove large-scale shape dif-
ferences between the models and the spectra, especially at
the edges of the wavelength range where the MUSE response
function is more uncertain. The multidimensional likelihood
space is sampled by using PyMultiNest (Buchner et al.
2014), a python wrapper for the MultiNest code (Feroz &
Hobson 2008; Feroz et al. 2013). Figure 7 shows an exam-
ple of the results obtained with this fitting procedure for a
galaxy in the MUDF. With the current wavelength cover-
age, some degeneracy remains between dust extinction and
star-formation rate. Rest-UV data from HST will break this
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degeneracy, however, in this work we primarily make use
of the stellar mass estimates from the fits which are found
to be well converged and free from degeneracies with other
parameters.
5 GROUP IDENTIFICATION
The detection of a large number of sources with accurate
spectroscopic redshifts in narrow redshift bins (see Figure 5)
is highly suggestive of the presence of overdense structures in
the MUDF footprint. Indeed, over-densities spanning from
compact groups to clusters and super-clusters of galaxies
have been detected in all the fields which have been targeted
by deep and extensive spectroscopic campaigns (e.g. Yang
et al. 2007; Scoville et al. 2007; Kovacˇ et al. 2010; Diener
et al. 2013; Balogh et al. 2014; Fossati et al. 2017; Galametz
et al. 2018). We therefore proceed to systematically identify
galaxy groups in the MUDF.
There is a rich collection of literature on finding groups
in spectroscopic redshift surveys, with most methods based
on a Friends-Of-Friends approach (Huchra & Geller 1982;
Berlind et al. 2006; Knobel et al. 2009, 2012; Diener et al.
2013). These methods link galaxies into structures by find-
ing all objects connected within linking lengths ∆r (a phys-
ical distance) and ∆v in redshift space. The choice of these
parameters is driven by the need to balance the competing
requirements of identifying all group members without over-
merging different groups, avoiding interlopers, and taking
into account redshift uncertainties. In this work we search
for galaxy groups at 0.5 < z < 1.5, where the lower limit
is dictated by the small volume probed at lower redshift
and the upper limit is given by the redshift desert. In this
range, we have highly accurate spectroscopic redshifts for
all the galaxies that we aim to connect into structures. We
use ∆r = 400 kpc and ∆v = 400 km s−1, following Knobel
et al. (2009) in the same redshift range. Similar to previ-
ous works, we define a galaxy group to be an association
of three or more galaxies (Knobel et al. 2012; Diener et al.
2013), independently of stellar mass or observed magnitude.
Following this procedure, we find seven groups in the
MUDF footprint, and their properties are listed in Table 3.
We estimate the group halo mass by summing the stellar
mass of the group galaxies (see Yang et al. 2007, for a vali-
dation of the method) and using the stellar to halo mass re-
lation from Moster et al. (2010) at the redshift of the group.
We also report in the table the geometric centre of the group,
the average redshift of its members (not weighted by other
galaxy parameters), and the virial radius calculated from
the halo mass. Assuming a typical uncertainty on the total
stellar mass of 0.15 dex (Conroy et al. 2009; Gallazzi & Bell
2009; Mendel et al. 2014), this turns into an error on the
virial mass of 0.20-0.25 dex depending on the local gradient
of the stellar- to halo-mass relation. This uncertainty corre-
sponds to an error of ∼ 50− 60 kpc on the virial radius. The
virial radius is further affected by the implicit assumption
of virialization of the group halo. With only a few mem-
bers per group, this can not be guaranteed as we might be
observing groups in formation. Given these caveats, the esti-
mated virial radii should only be taken as indicative values,
especially for structures with less than 10 members.
At the redshift of the groups, we search for strong line
emitters which are too faint in continuum to be detected. We
run CubEx on the continuum-subtracted cube and we use
the detection parameters defined in Lofthouse et al. (2019),
i.e. voxel S/N > 3, minimum number of voxels of 27 and min-
imum number of channels in wavelength of 3. We found no
line emitter that is not associated with a detected continuum
source. However it remains possible that deeper exposures
would lead to a secure detection of more redshifts from con-
tinuum features, possibly increasing the number of groups
or including fainter members. Figure 8 shows the location of
the detected galaxies in groups within the MUDF footprint.
5.1 Going beyond the survey edges
The unprecedented depth of the MUSE observations in the
MUDF comes at the price of a relatively small survey area.
Therefore, it is possible that at least some of the groups
identified in the previous section are part of a larger scale
structure, or that some of the group members are missed
by our footprint. Unfortunately, this area of the sky is not
covered by wide-area archival spectroscopy, thus we can only
attempt to characterise the large scale environment around
the MUDF with photometric redshifts (photo-z).
For this purpose, we downloaded source and magnitude
catalogues from the DES DR1 (Abbott et al. 2018), and we
computed photo-zs from the g, r, i, z fluxes using the EAZY
code (Brammer et al. 2008). Following Hoyle et al. (2018)
we do not include Y−band magnitudes, because the observa-
tions are too shallow to improve the photo-z estimate. These
authors also studied the photo-z uncertainty on a smaller
region of the DES footprint, finding that they range from
σz = 0.1 at z = 0.5 to σz = 0.4 at z = 1.5. For each group
identified in the MUDF, we compute the galaxy density in
an aperture with radius 1 Mpc centred on the geometrical
centre of the group. The density is defined as the sum over
all the galaxies within this aperture of the fraction of the
DES photo-z probability density function that falls within
∆v = ±5000km s−1 of the redshift of the group. This approach
optimally takes into account the variable photo-z accuracy
as a function of redshift and galaxy magnitude (Kovacˇ et al.
2010; Cucciati et al. 2014). We then define two control aper-
tures of the same size and velocity depth bracketing in red-
shift the previous aperture, but not overlapping with it.
Despite the limitations of this approach, we do not find
a significant over-density of bright galaxies over a scale larger
than the MUDF footprint for any of the groups studied. We
therefore conclude that our inferred group properties are
broadly representative of the underlying population. Never-
theless, wider-area multi-object spectroscopic observations
are required to investigate with better precision the large
scale environment of the MUDF.
6 THE CGM OF GROUP GALAXIES
Having completed a deep census of galaxy groups including
members that are as faint as mMUSE ≈ 28.5 mag (or stellar
masses down to ≈ 108 M∗ at z = 1.5), we now take advan-
tage of the presence of the two bright quasars in the field
to probe the gas content of galaxies within these structures
in absorption. In particular, we focus on the Mg ii absorbers
detected in the quasar spectra at z < 1.5.
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ID <R.A.> <Dec.> <z> Ngal log(Mhalo/M) rvir W2796 W2796
J2000 J2000 kpc (QSO-SE) Å (QSO-NW) Å
1 325.602433 -44.332283 0.67837 11 12.0 160 0.85+0.03−0.04 < 0.08
2 325.598267 -44.332865 0.68531 5 11.2 87 < 0.02 < 0.07
3 325.593548 -44.330041 0.78491 3 10.8 61 < 0.02 < 0.06
4 325.597824 -44.330187 0.88205 6 12.9 293 1.34+0.02−0.01 0.43
+0.01
−0.01
5 325.604431 -44.331396 1.05259 15 13.4 419 1.67+0.02−0.02 < 0.06
6 325.605063 -44.331111 1.15524 3 12.1 138 1.16+0.06−0.13 < 0.06
7 325.602279 -44.328677 1.22849 4 11.6 96 < 0.02 < 0.06
Table 3. Properties of the groups identified in the MUDF. The table lists: the group ID; the average R.A., Dec. and redshift of the group
members; the number of members in each group; the halo mass derived from the stellar-to-halo mass relation of Moster et al. (2010);
the virial radius (R200) for that halo mass; the equivalent width of the Mg ii λ2796A˚ absorption line associated with the group (or 2σ
upper limit) along the QSO-SE and QSO-NW sightlines.
6.1 Mg ii fitting in the high-resolution quasar
spectra
To identify and fit the Mg ii absorbers in the quasar spec-
tra we employed a two step procedure. First, strong ab-
sorption lines were searched for by visually inspecting the
spectra across the entire wavelength range, looking first for
the Mg ii doublets and then for other transitions which are
commonly detected in quasar spectra, e.g. Mg i, Fe ii, Mn ii,
Cr ii and Ca ii. This procedure has been repeated by two
authors independently (MFo, VDO) and for both quasars.
We reliably identified five absorbers in the bright quasar at
z ≈ 0.67, 0.88, 0.98, 1.05, 1.15, while in the fainter quasar we
only identify one absorber at z ∼ 0.88.
For each identified absorber we then fit the Mg ii dou-
blet profile with a novel method that uses Bayesian statis-
tics to identify the minimum number of Voigt components
required to model the data. Our method has two desirable
properties: first, it requires minimal input from the user as
no initial guesses are required; second, the final result is an
optimal statistical description of the data, as the fit does
not depend on any particular choice of initial guesses nor on
a user-defined prior on the number of components. The de-
tails of the algorithm used will be presented in a forthcoming
publication, and are only briefly summarised here.
Once the atomic transition (or transitions in case of
multiplets to be fit jointly) has been identified, it is only re-
quired to specify the wavelength range (or disjoint ranges)
to fit the normalized spectrum. The code then performs a
fit of the data with progressively higher number of Voigt
components (between a minimum and a maximum num-
ber), where each component is defined by a column density
(N), a Doppler parameter (b), and a redshift (z). For our
fitting of Mg ii absorbers we define uniform priors on the
first two quantities in the range 11.5 < log(N/cm2) < 16.0
and 1 < b/km s−1 < 30, chosen to avoid modelling features
within the noise or large-scale variations in the continuum
level. The prior range on redshift is instead internally defined
such that the absorption components can cover the selected
wavelength range. A constant continuum level is also left as
a free parameter in the fit to account for slight imperfections
in the normalisation of the spectra. If required following a
visual assessment of the doublet profiles, we allow for a user
defined number of “filler” Voigt profiles designed to describe
absorption lines arising from blends of different ions at dif-
ferent redshifts. One example is the rightmost line in the
profile of the z ≈ 0.98 absorber in Figure 9. The model spec-
trum is then convolved to match the line spread function of
the observed data using a Gaussian kernel.
At each iteration, having defined a model with n com-
ponents, we sample the multidimensional likelihood space
using PolyChord (Handley et al. 2015), a nested sampling
algorithm that has better performance than MultiNest for
high-dimensional parameter spaces with multiple degenera-
cies between parameters. This is indeed our case, where com-
plex models can reach a number of free parameters in excess
of 50. After the sampling, we use the posterior samples to
derive the Akaike Information Criterion (AIC, Akaike 1974)
of each fit, defined as AIC = 2 × npar − 2 × ln(L), where npar
is the number of free parameters and L is the likelihood of
the model. We select as optimal fits those with a likelihood
ratio within 1:150 compared to the best (lowest) AIC. If the
selection includes only one model this is used as our best fit,
otherwise we choose (from the selected ones) the model with
the minimum number of components.
Figure 9 shows the fits of the Mg ii absorption systems
identified in the quasar spectra. While the fits are jointly
obtained from the 2796 A˚ and 2803 A˚ transitions, we show
only the stronger 2796 A˚ transition in this figure. The sin-
gle absorber found in the fainter quasar, which we discuss
in more detail in Section 6.3, is shown in the Bottom Right
panel, while in the other panels we show the absorbers found
in the bright quasar sightline. In all panels we find complex
kinematic profiles requiring from 3 to 15 Voigt components.
Moreover we note that, with the exception of only one sys-
tem (z ∼ 0.98), the absorbers are found at the redshift of a
galaxy group identified in the previous section. Therefore,
we set the zero of the velocity axis at the redshift of the
galaxy group, except for one absorber where it is set to the
redshift of the closest galaxy (ID 14) in velocity space. We
stress that the position of the zero on the velocity axes is
only made for reference and it does not affect our results.
6.2 Connecting the absorption features and the
galaxy population
The fact that Mg ii absorbers are preferentially found at
the redshift of a galaxy group (5/6 cases) suggests a direct
connection between overdensities of galaxies and large cross
sections of cold gas. Leveraging the deep spectroscopic sur-
vey in the MUDF that is complete to faint levels/low masses,
we systematically explore this connection, in order to under-
stand the physical origin of the gas probed in absorption.
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Figure 8. Gallery of the location within the MUDF of the galaxies in groups, marked with ellipses as in Figure 4. The white crosses
mark the position of the background quasars, while the red crosses in each panel indicate the geometrical centre of the group. The cyan
cross in the top left panel marks the position of a serendipitously detected quasar that shows absorption at the redshift of this group
(see Section 6.2). The number next to each galaxy shows the velocity offset with respect to the redshift of the group. The red segment
in the bottom right corner of each panel marks a 100 kpc scale at the redshift of each group.
We show in Figure 9 the spectroscopic redshift of the
galaxies in the MUDF which are within the plotted range
for each absorber (blue stars). We immediately note two
features: first, each absorber (with the exception of the one
at z ≈ 0.98) has one or more galaxies which are overlap-
ping in velocity space with the absorption profile. Second,
the absorbers with more complex kinematics (z ∼ 0.88, and
z ∼ 1.05) have the largest number of galaxies at a small
velocity offset. The case of the z ∼ 0.98 absorber, instead,
stands out for having a complex profile, yet a single galaxy
which is offset in velocity. However, given that the bright
quasar is close to the South-East edge of the observed field,
we cannot rule out the presence of other objects, just out-
side the MUDF footprint but at smaller velocity separation
compared to the galaxy we found. Another issue is that the
detection of continuum sources is more difficult at small pro-
jected separation from the quasars due to their brightness.
We can detect sources as faint as mMUSE ' 27 mag at ≈ 25 kpc
and ≈ 18 kpc in projection from QSO-SE and QSO-NW, re-
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Figure 9. UVES spectra of Mg ii absorbers identified in the brighter QSO-SE (all panels except last two rows in the rightmost column),
and in the fainter QSO-NW (last two rows in the rightmost column). The zero velocity corresponds to the average redshift of the galaxy
group associated with the absorber, or to the redshift of the closest galaxy for the z ≈ 0.98 absorber. The observed spectrum is shown as a
black histogram with the 1σ error array in grey. A Voigt profile Bayesian fitting gives the red models, where individual lines are sampled
from the posterior distribution. We include the rest-frame total equivalent width measurements in each panel. The red ticks above the
continuum level show the position of individual Mg ii absorption components, which are shown as cyan dotted lines. Pink dotted lines
are for filler components arising from blends of different transitions. The blue stars show the spectroscopic redshift of MUDF galaxies.
spectively. However, brighter or highly star forming galaxies
would be detected even at smaller projected distances.
Thanks to the integral-field spectroscopic coverage of
the MUDF, we next investigate trends in the spatial loca-
tion of the galaxies which are found in the velocity window
defined by the absorbers. Starting with the z ∼ 0.67 absorber
as a first example, we note how the Mg ii profile spans a
velocity range ∆v ∼ 100 − 200 km s−1 with respect to the
redshift of the group. We recall that the latter quantity is
the average of the redshift of the group galaxies, and so we
should expect a roughly equal number of them above and
below the average value. However, not all of them need to
be distributed isotropically with respect to the quasars. In
fact, by looking at Figure 8, we find that the four galaxies
with velocities overlapping with the Mg ii absorber are typi-
cally closer to the bright quasar than the remaining galaxies
in the group. Indeed, their average projected distance from
QSO-SE is ≈ 130 kpc, while for the other galaxies it is twice
as large, at ≈ 250 kpc.
Despite the large uncertainties driven by small number
statistics, a similar trend emerges from the analysis of the
other absorbers associated with the groups, as summarised
in Table 4. This table reports the typical distance from the
sightline QSO-SE of galaxies that overlap in velocity with
the absorption profile (din,win), compared to the distance for
the remaining galaxies in the group. In all cases, galaxies
overlapping in velocity with the absorption profile lie at
closer projected separation (by a factor of ≈ 1.5 − 2) than
galaxies that are not overlapping with the Mg ii absorbers.
Considering instead the groups with no Mg ii associa-
tion (ID 2, 3, and 7), Figure 8 reveals a lack of galaxies in
the immediate surroundings of the QSO-SE line-of-sight, in
line with the trend above. These results therefore suggest
that the cold gas absorbers traced by Mg ii arise preferen-
tially from the CGM of one or multiple galaxies which are
closer than ≈ 100 kpc from the quasar line of sight. It should
however be noted that the probability of group galaxies giv-
ing rise to Mg ii is unlikely to be exclusively modulated by
proximity to the line of sight, with covering factors playing
a role. Indeed, Figure 8 shows also the presence of galax-
ies in close proximity to the QSO-NW line of sight (mostly
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zabs Group ID din,win (kpc) dout,win (kpc)
0.67 1 130 ± 56 251 ± 25
0.68 2 - 257 ± 94
0.78 3 - 363 ± 92
0.88 4 274 ± 87 522
1.05 5 162 ± 41 467 ± 29
1.15 6 195 321 ± 101
1.22 7 - 322 ± 83
Table 4. Average projected distance of the galaxies which reside
in groups at the same redshift of a Mg ii absorber, for galaxies
within the velocity window defined by the absorption profile, and
outside it. For groups without an Mg ii detection the average pro-
jected distance of all galaxies is given in the last column. Values
without errors have only one object that satisfies the selection
threshold.
from groups 3, 4, and 5) that do not necessarily give rise to
absorption (see below).
The relation between the strength of Mg ii absorbers
and the galaxy distance has been studied extensively in the
literature. For instance, Chen et al. (2010) report a large sta-
tistical sample of galaxy-quasar pairs, finding a strong anti-
correlation between the equivalent width of the absorption
profile and the distance of the closest galaxy. We can there-
fore compare directly in this parameter space the properties
of MUDF galaxies, both within groups and in isolation, with
the results present in the literature.
In Figure 10, we show the rest-frame equivalent width
(W) for the Mg ii λ2796Å absorption line, obtained integrat-
ing the best-fit models derived above, as a function of the
projected distance of each galaxy from the QSO-SE sightline
(left panel) and of its stellar mass (right panel). Galaxies be-
longing to a group that is associated with an Mg ii absorber
are shown as red circles and they have been assigned the
total W of the absorption profile, while the galaxy which we
associate with the z ∼ 0.98 absorption system is shown as a
blue circle. For the other sources, we plot 2σ upper limits
measured on the UVES spectrum in a 10 km s−1 velocity
window centred at the redshift of the galaxy.
From this analysis, it appears that the 4 out of 7 groups
that are associated with an absorber have high equivalent
width and, as noted above, have at least one galaxy which
is within 150 kpc of the quasar line of sight. Moreover,
these groups tend to host galaxies that are relatively mas-
sive (log(M∗/M) > 10) and therefore, given their CGM is
likely to scale with their size (e.g. Chen et al. 2010), they
are more likely to have a larger cross section of Mg ii that
can give rise to the absorption.
An apparent exception is the z ≈ 0.67 group, which
seems to lack particularly massive galaxies. However, we ar-
gue that in this case the Mg ii absorption is mostly driven by
the fact that one galaxy, despite being of a lower stellar mass
(log(M∗/M) = 8.92), is very close in projection (29 kpc) and
its redshift places it at the centre of the absorption profile.
On the other hand, for the three groups without a detection,
their galaxies are both further away from the absorber and
their stellar masses are low log(M∗/M) ∼ 9, overall reducing
the chances that the CGM of group members intercepts the
line of sight.
This picture is further reinforced when we make the
same analysis for the QSO-NW. We find that the galaxies
in groups are on average further away from this line of sight
compared to that of the brighter quasar. Only three galaxies
are within 100 kpc, two of which are in the z ≈ 0.88 group
which we associate with the only Mg ii detection in this
sightline (see Section 6.3). Moreover, a third lower-redshift
quasar (z ≈ 1.285; cyan cross in Fig. 8), lying close to the
edge of the FoV (where no sources have been extracted) is in
close spatial proximity to the z ≈0.67 group. It does in fact
exhibit strong Mg ii absorption at this redshift as seen from
the MUSE spectrum, but we did not find other absorbers
associated with groups or individual galaxies at larger sepa-
rations from this third sightline. We therefore conclude that
a combination of proximity to the quasar line of sight and
presence of massive galaxies hosting large cross sections of
cool gas are the main factors that control the high incidence
of Mg ii absorbers in these groups.
Having established what drives the incidence of Mg ii
in these groups, we now compare the absorption proper-
ties to samples of galaxies from the literature. To this end,
in Figure 10, we show the results of the analysis by Chen
et al. (2010) (black solid line) and the average properties
of the CGM of galaxies at 0.35 < z < 0.8 from foreground
and background galaxy pairs in the PRIMUS survey (Rubin
et al. 2018a). These galaxies are not explicitly selected to
be within groups. These authors find that the strength of
Mg ii absorption declines as a function of impact parameter
(d, i.e. the projected separation of a galaxy from the prob-
ing sightline), with the average gas content of star forming
galaxies versus d in the PRIMUS survey being consistent
with the fitting function of Chen et al. (2010), albeit with a
large intrinsic scatter for individual galaxies.
However, the total equivalent width of Mg ii in galaxies
within the MUDF groups is higher than the 1σ scatter of
the data from Rubin et al. (2018a) when shown as a func-
tion of d, but are consistent with these data as a function
of stellar mass. Likewise, compared to the scaling relation
of Chen et al. (2010), the MUDF group galaxies lie consis-
tently above the relation at fixed impact parameter. These
results imply that the group environment has an effect on
the cross section of Mg ii, leading to enhanced equivalent
widths at larger distances compared to galaxies not explic-
itly selected within groups. Bordoloi et al. (2011) presented
the radial Mg ii absorption profile from a sample of group
galaxies from the zCOSMOS survey finding that groups have
more extended absorption profiles compared to a sample of
isolated galaxies from the same survey. However, the radial
profile for group galaxies is largely consistent with the one
from the Chen et al. (2010) and Rubin et al. (2018a) samples.
This could be an intrinsic feature of the sample or an effect
of contamination from more isolated galaxies in the group
sample. Nielsen et al. (2018) studied the Mg ii absorption in
a sample of 29 group-like environments (defined to have at
least two galaxies within 200 kpc of a background quasar
and with ∆v < 500 km s−1). These authors found that the
Mg ii median equivalent width in this sample is W = 0.65Å,
and it is indeed enhanced by a factor 2.2 compared to an
isolated galaxy sample. This is also in line with the result
of Gauthier (2013), who reported on the Mg ii equivalent
width for three galaxy groups associated with ultra-strong
Mg ii absorbers (W > 3.5Å), which are atypical of the general
galaxy population.
Finally, we comment on the properties of the only ab-
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Figure 10. Rest-frame equivalent width (W) for the Mg ii λ2796Å absorption line as a function of impact parameter (projected distance
of each galaxy from the QSO-SE sightline for MUDF galaxies, left panel) and of the galaxy stellar mass (right panel). Galaxies in the
MUDF footprint are shown as red circles if they reside in a group and as blue circles if they are isolated. The arrows (red for galaxies in
groups and blue for isolated galaxies) show 2σ upper limits measured on the UVES spectrum in a 10 km s−1 velocity window centred at
the redshift of each galaxy. The black empty stars show galaxies which have a redshift within the Mg ii absorption profile for the strong
absorbers shown in Figure 9. The redshift of the groups are shown in the left panel at the y-axis levels of the corresponding values of W.
The black line is the best fit relation (with the 1-σ confidence area shaded in grey) between W and impact parameter from Chen et al.
(2010). The orange stars and black circles are obtained from stacking galaxy-galaxy pairs from the sample of isolated galaxies of Rubin
et al. (2018a) and the sample of group galaxies of Bordoloi et al. (2011).
sorber associated with an isolated galaxy. The complete iso-
lation of this source (ID 14) is unlikely, given its stellar mass
(log(M∗/M) = 10.51). It is possibly living in a massive halo
which in turn is expected to host satellite galaxies (see be-
low). And while this source is the closest to the quasar line of
sight among individual galaxies in the MUDF, its equivalent
width is still elevated for its impact parameter. Moreover,
the several narrow kinematic components found in the ab-
sorption spectrum seem to suggest, in analogy with the other
Mg ii arising from groups, that this absorber could be asso-
ciated with a group that we do not fully cover in the MUSE
footprint.
6.3 Detection of cold gas absorption in the quasar
pair
Up to this point, our analysis reveals that groups hosting
Mg ii absorbers show galaxies in closer proximity to the line
of sight and host more massive galaxies, two factors that are
likely to boost the incidence of Mg ii absorption. Moreover,
the equivalent width of Mg ii appears to be elevated com-
pared to samples not explicitly selected in groups. We now
fully exploit the ability to conduct tomography in the MUDF
to assess whether the observed absorbers can be attributed
to a widespread intra-group medium, or whether they are
more likely to be associated with individual galaxies.
The groups at z ≈ 0.88 and z ≈ 1.05 appear to be most
suited for this analysis as they both contain a significant
number of members that appear to be distributed across
the two quasar sightlines. For the z ≈ 1.05 absorber, de-
spite a strong (W = 1.67Å) and complex kinematic profile
seen against the QSO-SE, we derive only a 2σ upper limit
of 0.06A˚ against the QSO-NW. For the group at z ≈ 0.88,
instead, we detect also Mg ii absorption in the UVES spec-
trum of the fainter QSO-NW. At this redshift, we find a
Mg ii absorber also in the spectrum of the bright QSO-SE,
which enables us to study whether the kinematics of the
absorption is correlated over a scale of 500 kpc. The right
panels in Figure 9 show the data and Voigt profile models
of the absorption systems found at z ≈ 0.88 in both sight-
lines (top panel for the bright quasar and bottom panel for
the fainter one). Along the line of sight of the faint quasar
we find only three Voigt components, as opposed to 15 in
the other sightline. These components span a much smaller
velocity range (∼ 100 km s−1) compared to the absorption
system found in the brighter quasar (∼ 350 km s−1). Fur-
thermore, we do not find a significant correlation between
the kinematics of the components in the two sightlines. A
marginal amount of correlation could be present in the first
and last (in velocity space) components seen in the QSO-NW
sightline, where a component exists at a similar velocity also
in the other sightline, however with a significantly different
strength. This result suggests that the cold absorbing gas is
not necessarily related to coherent structures in the group
as a whole, which is also corroborated by the non-detection
of correlated Mg ii in the z ≈ 1.05 group.
The lack of evidence in support of a dense and homoge-
neous intra-group medium leaves open the hypothesis that
the enhanced absorption in the groups arises from the CGM
of individual galaxies, which has been processed by the en-
vironment. Indeed, considering again the z ≈ 0.88 group, we
find near the QSO-NW line of sight a clustering of galax-
ies with negative velocities compared to the group average
redshift, which broadly corresponds to the velocities of the
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absorption components in this sightline. More specifically,
from Figure 8, it appears that the galaxies lie in two sub-
groups that are mostly aligned along the SE-NW direction.
The fact that both quasar sightlines go through the direc-
tion of this alignment is a possible explanation for why this
group is the only one detected in both sightlines.
Thanks to the very deep spectroscopy in the MUDF we
can further test for the presence of a diffuse cool intra-group
medium by stacking the spectra of background galaxies that
lie behind the z ≈ 0.88 group. We analyse four stacks: A)
18 galaxies selected to have a S/N > 3 per wavelength chan-
nel in two spectral windows bracketing the wavelength of
the z ≈ 0.88 absorption (red ellipses in Figure 11); B) seven
galaxies that are roughly co-spatial with the distribution of
the group galaxies (blue ellipses); C) three galaxies which
show Mg ii absorption at z ≈ 0.88 in their individual spec-
tra (green ellipses); and D) four galaxies lying between the
two QSO sightlines and roughly aligned with the geomet-
rical center of the group (orange ellipses). For comparison,
the position of the group galaxies is shown by black dashed
ellipses. The stacked spectra are shown in Figure 12 as a
black lines, with 1σ uncertainty from bootstrap resampling
shown in grey.
In stacks A and D we find non detections with 2σ up-
per limits of W2796 < 0.28Å and W2796 < 0.47Å respectively. In
stack B, which is restricted to the galaxies aligned with the
two foreground sub-groups, we find a ∼ 3.5σ combined de-
tection of the Mg ii doublet with W2796 = 0.61+0.22−0.23Å, although
with a ≈ 50 km s−1 offset with respect to the absorber seen
in the bright quasar sightline (red solid line). We checked
by comparing the MUSE and UVES spectra of the quasars
that this offset is real, and does not arise from mismatches
in the wavelength calibration. Lastly, in stack C, which is
composed of galaxies in which the absorption signal can be
detected in individual spectra, this detection becomes even
stronger with W2796 = 1.20+0.24−0.21Å. Again, this result reinforces
the idea that there exists a large cross section of cool gas in
close proximity to the group galaxies (stacks B and C), but
that there is no dense and widespread cool gas that gives
rise to strong absorption signal filling larger scales beyond
the regions traced by galaxies themselves (stack A), or the
region between the two sub-groups (stack D).
7 DISCUSSION
7.1 A high fraction of strong Mg ii absorbers in
galaxy groups
We performed a search for galaxy groups at 0.5 < z < 1.5 in
the MUDF, finding seven groups of at least three galaxies.
From abundance matching we obtain a virial mass for these
groups in the range log(Mh/M) ≈ 11 − 13.5, with virial radii
in the range of ≈ 100 − 200 kpc. Our most massive group
includes 15 galaxies and could evolve into a Virgo-like cluster
of galaxies by z = 0 (Chiang et al. 2013).
An independent search for cool gas absorbers, as traced
by the Mg ii doublet in the same redshift range, revealed
five absorption systems in the high resolution spectrum of
the brighter QSO-SE, and one system in the spectrum of
the fainter QSO-NW. In total, of these 6 absorbers, 5 are at
the same redshift as a galaxy group, a fraction of 83%. For
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Figure 11. Location within the MUDF of the background galax-
ies (red solid ellipses) that we include in the spectral stack A used
to search for extended Mg ii absorption around the galaxies (black
dashed ellipses) in the z ∼ 0.88 group. Three more stacks (B, C,
and D) include the galaxies marked with blue, green, and orange
ellipses respectively.
the only absorber not associated with a group, we found a
galaxy within 300 km s−1 in velocity space. This galaxy is
massive (log(M∗/M) = 10.51), which correponds to a dark
matter halo mass of log(Mh/M) ≈ 12.25, following Moster
et al. (2010). At this mass, it is very likely that the halo
hosts several satellite galaxies which could be outside our
survey footprint, so with spectroscopic data covering a larger
area we might find this galaxy to be part of a group as
well. Indeed, by looking at the absorption profiles in Figure
9, this absorber looks kinematically complex, with several
strong and narrow absorption components as found for the
absorbers associated with galaxy groups.
Despite the alignment in redshift space between the
group galaxies and the absorption profiles, it is difficult to
unambiguously conclude whether we are observing gas in the
intra-group medium, or whether absorption rises ultimately
from the CGM of individual group members. Throughout
our analysis, however, we have uncovered pieces of evidence
that more closely support the latter scenario.
We have found that all the Mg ii detections arise in
groups with at least one galaxy closer than 150 kpc from the
bright quasar line of sight, and the same is true for the single
absorber in the faint quasar. Moreover, the group galaxies
which are closer in redshift space to the absorbers are also
closer in projection, and groups with a Mg ii detection ap-
pear to host relatively massive galaxies that are expected
to have intrinsically larger cross sections of cool gas in their
CGM. Similarly, all the non-detections are associated with
galaxies at larger distances from the sightline, or that are
at lower mass (and hence likely have smaller cross sections)
compared to the members of groups with a Mg ii detection.
We have not found compelling evidence for the pres-
ence of a widespread intra-group medium producing strong
MNRAS 000, 1–20 (2019)
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Figure 12. Stacked spectra (black) of MUDF background sight-
lines probing galaxies of the z ∼ 0.88 group around the Mg ii dou-
blet. The panels from top to bottom refer to stacks A to D as
described in the main text. The gray filled region shows the 1σ
uncertainty from bootstrap resampling. The zero velocity is de-
fined by the average redshift of the group (z = 0.88205), and the
rest velocity of each transition in the Mg ii doublet is shown by
red vertical dashed lines. The red solid line shows the best fit
model of the UVES spectrum of the QSO-SE convolved to match
the MUSE spectral resolution, while the red dashed line in the
top panel shows the best fit model for the QSO-NW spectrum.
absorption for two reasons. First, out of four Mg ii systems
associated with groups, only one system (at z ≈ 0.88) is de-
tected in the two sightlines, and the profiles are not very well
correlated in velocity space. Second, when stacking galaxies
in the background of this z ≈ 0.88 group, a detection of Mg ii
in absorption emerges only when considering background
galaxies in at small projected separations to the foreground
ones. Altogether, these pieces of evidence suggest that the
strong absorbers are associated mostly with the CGM of
group galaxies. However, we do not rule out the presence of
a homogeneous low-density intra-group medium which can
give rise to weak absorption components.
This conclusion, however, does not rule out environ-
mental effects from shaping the properties of the CGM of
group members. Indeed, when considered by their equiva-
lent width, group galaxies appear to host stronger Mg ii ab-
sorbers compared to the general galaxy population. Several
studies that have focused on samples of (relatively massive)
galaxies probed by quasar sightlines, not selected according
to their environment, have uncovered a clear anticorrelation
between W and impact parameter d (Steidel et al. 1994;
Chen et al. 2010). A similar trend seems to hold also in
samples where background galaxies are used to probe fore-
ground ones (Rubin et al. 2018a). In these samples, strong
absorbers with equivalent width W > 1Å are typically found
at d < 30 kpc. Conversely, in our groups, strong systems are
found at distances ≈ 50 − 100 kpc, despite the fact that we
do not necessarily probe more massive galaxies than these
previous studies (see Figure 10).
While the most massive galaxies (M∗ ≈ 1011 M) in
samples from the literature are themselves likely members
of groups, generally these samples are thought to be more
representative of the field population. Indeed, using a light
cone from the Henriques et al. (2015) semi-analytic model
of galaxy formation, we find that for galaxies with a stellar
mass in the range 109.75 −1010.25M and redshift 0.4 < z < 0.6,
a fraction of only 42% live in groups as defined by our
method, with this fraction reducing even further at lower
stellar mass. Thus, the samples of Chen et al. (2010) and
Rubin et al. (2018a), which in some cases extend down to
109 M, are representative of a more isolated population of
galaxies compared to the sample of group galaxies studied
in this work. Therefore, the difference in absorption strength
at fixed impact parameter, combined with the complex kine-
matical profiles, imply that the group environment plays an
active role in boosting the cross section of cool gas present
in the CGM of member galaxies.
This result, that emerges from a complete and system-
atic search of groups in the MUDF, is in line with previous
findings from serendipitous discoveries of groups associated
with Mg ii absorbers. For instance, Whiting et al. (2006)
found at least five galaxies at the redshift of a W = 2.5Å
Mg ii absorber. Similarly, Kacprzak et al. (2010) found five
low-mass galaxies associated with a W = 1.8Å absorber.
Nestor et al. (2011) found ultra-strong Mg ii absorbers with
W = 3.6, 5.6Å in two systems associated with massive galaxy
pairs, and lastly Gauthier (2013) found another very strong
absorber with W = 4.2Å in a group of three galaxies. These
works found that the closest galaxy is at d = 30 − 70 kpc.
In the work by Kacprzak et al. (2010) a galaxy is found
a smaller impact parameter (17.4 kpc). However, from an
analysis of the metallicity of the absorber and of the group
galaxies, the authors concluded that the closest galaxy is
not hosting the absorber, which is more likely to arise from
tidal debris in the group environment. Bordoloi et al. (2011)
found marginally more extended Mg ii absorption profiles
compared to a sample of more isolated galaxies, concluding
that the absorbing gas is more likely to be associated to
the individual galaxies rather than the intragroup medium.
Nielsen et al. (2018) similarly found an enhanced equivalent
width of Mg ii absorbers in a sample of 29 galaxy groups
with respect to an isolated galaxy sample. These authors
have complemented these results with a kinematical analysis
of the absorption profiles and concluded that the absorbers
originate from an intragroup medium rather than from indi-
vidual galaxies. However, it remains unclear if these sparse
groups (having on average 2-3 members) are part of a viri-
alized halo that is able to host a diffuse intragroup medium.
Lastly, Bielby et al. (2017) studied the Mg ii absorption pro-
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file associated to a low-mass group at z ≈ 0.28 finding that
the absorbing gas is likely to arise from multiple gas clouds
orbiting in the group halo and giving rise to the intragroup
medium.
7.2 The origin of enhanced cold gas in galaxy
groups
We have uncovered evidence supporting a scenario in which,
at fixed stellar mass, group galaxies have a larger cross sec-
tion of cool gas that gives rise to frequent and strong ab-
sorption systems. A question arises about what mechanisms
may be responsible for this enhancement.
Several physical mechanisms might contribute to a
larger cross section of Mg ii in group galaxies, including
higher gas fractions for satellite galaxies in dense environ-
ments (Noble et al. 2017) or stronger outflows from stellar
winds due to enhanced star-formation (McGee et al. 2014).
There seems however to be no clear consensus on the rele-
vance of these mechanisms in groups at z ≈ 1 (Wetzel et al.
2012; Rudnick et al. 2017; Fossati et al. 2017). Moreover we
find it difficult to assess the contribution of these mecha-
nisms with our own data. As we argue below, however, a
prominent mechanism at play is likely to be gravitational
interaction among group members.
It is well known that galaxy groups are the ideal envi-
ronment to trigger gravitational interactions among mem-
bers. Indeed, in more massive haloes (i.e. galaxy clusters),
the higher velocity dispersion leads to shorter interaction
times, with a reduced effect of tidal interactions on the
gaseous and stellar structure of galaxies (see Boselli &
Gavazzi 2006). Massive groups are therefore a sweet-spot
in terms of richness and velocity dispersion for gravitational
encounters to occur. For this reason, we argue that the ev-
idence described above suggests that absorbers arise from
gas once bound to the group galaxies (or their CGM), which
has been stripped by tidal forces. This material, displaced
from its original site, naturally boosts the cross section of
cool gas, leading to enhanced absorption at larger impact
parameters compared to the field galaxies (Morris & van
den Bergh 1994). These tails, gaseous bridges, and plumes
have indeed been imaged in atomic and ionized gas within
groups in the local Universe (Mihos et al. 2012; Rasmussen
et al. 2012; Taylor et al. 2014; Fossati et al. 2019), where the
denser components can stretch up to scales of hundreds of
kpc. In this picture, the several kinematic components seen
in the absorbers could be related to the chaotic orbits of the
group galaxies during the stripping process, as seen for in-
stance in the complex kinematic maps of galaxy encounters
traced in emission with MUSE (Fossati et al. 2019).
This process would explain why a correlated detection
of cool gas in both the MUDF quasars is a rare event. Given
the distance of ∼ 500 kpc between the two sightlines, a dou-
ble detection requires either a very massive group that spans
this distance with enough galaxies, a number of which is sub-
ject to some degree of gravitational perturbation. Alterna-
tively, a special alignement of galaxies is required, as in the
z ∼ 0.88 group, which is composed of two sub-groups that
fortuitously align with the orientation of the two quasars.
The connection between enhanced Mg ii absorption and
a tidal stripping scenario is further reinforced by other
works. For instance, Kacprzak et al. (2010), using the high-
resolution of HST imaging data, found perturbed morpholo-
gies for the three brightest group galaxies, with tidal tails
extending up to ∼ 25 kpc. They conclude that these mor-
phological features are suggestive of merger events or tidal
stripping and that dense and cool stripped gas can host
the observed Mg ii absorber. More recently, Chen et al.
(2019) studied the same group with deep MUSE observa-
tions. These data corroborated the results of Kacprzak et al.
(2010) revealing a giant nebula of ionized gas contributing to
the total mass and metal content of the intra-group medium.
An accurate kinematical analysis showed that the Mg ii ab-
sorber is indeed located in the stripped gas passing in front
of the background quasar. These results point towards the
presence of a multi-phase medium (see also Bielby et al.
2017), and it is possible that the cool and ionized gas is
gradually heated to the group virial temperature, contribut-
ing to the warm-hot intra-group medium.
8 SUMMARY AND CONCLUSIONS
In this work, we have presented the design, observations,
and data reduction methodology for the MUSE Ultra Deep
Field (MUDF) survey, together with results from the cold
gas content of galaxy groups at 0.5 < z < 1.5. The MUDF
survey is a 150-hour (on source) large programme on the
MUSE instrument at the VLT that is observing a 1.5 × 1.2
arcmin2 region of the sky characterised by the presence of
two quasars at z ≈ 3.22 separated by ≈ 60 arcsec. The MUSE
data are also complemented by HST imaging programmes
in the near-UV and in the near-IR, and by the deepest HST
near-IR spectroscopic campaign in a single field. Deep high-
resolution spectroscopy of the quasars is also being collected
with the UVES instrument at the VLT. These rich datasets
will enable us to reach several goals, including: an investiga-
tion into the connection between gas and galaxies reaching
the low-mass regime at z ∼ 2 − 3; a search for gas filaments
of the cosmic web in emission; and a study of the build-up
of the Hubble sequence with cosmic time with accurate in-
formation on the morphology, kinematics, gas budget, and
star-formation history of galaxies.
In this paper, we have discussed in detail the survey de-
sign, the data reduction procedure, the extraction and vali-
dation of source catalogues, and the derivation of the phys-
ical properties of galaxies from the partial dataset observed
to date. As a first application, we investigated the galaxy en-
vironments in the MUDF, finding seven groups three or more
members at 0.5 < z < 1.5 covering a large range in inferred
dark matter halo mass (log(Mh/M) ≈ 11−13.5). We explored
the correlation between galaxies and galaxy groups with cold
gas detected via Mg ii absorption in the quasar sightlines.
We found five absorption systems in the spectrum of the
bright quasar and only one in the faint quasar spectrum.
All but one of these systems are at the redshift of a galaxy
group, while for the last one we find a massive galaxy at a
small velocity separation, which we speculate could itself be
a member of a group falling outside the MUDF footprint.
The absorbers have a complex velocity profile which
we decompose into several Voigt components using a novel
Bayesian technique. We find that, within a given group of
galaxies, members that are close in velocity space to the ab-
sorber are also closer to the sightline in projection compared
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to the other group galaxies. Furthermore, through the analy-
sis of correlated absorption in both quasar sightlines and via
a tomographic map of one of the groups using background
galaxies, we find no significant evidence of a widespread and
homogeneous intra-group medium giving rise to a strong
absorption signal. Altogether, these results suggest that the
absorbers reside in (or are stripped from) the CGM of one
or more galaxies within ≈ 100 kpc from the quasar sightline.
The strength of the absorption seen in groups is higher
than what is typically found for more isolated galaxies at
comparable impact parameters. This evidence, combined
with previous examples in the literature of strong Mg ii ab-
sorbers in group-like environments, suggests that the ab-
sorbers reside in gas once bound to individual galaxies (or
their CGM) that has been stripped at larger radii, boost-
ing the cross section of Mg ii. Gravitational interactions and
tidal forces, in analogy with what is seen in nearby groups,
are indeed effective in galaxy groups and obvious mecha-
nisms to strip gas and stars from the galaxy disks, leading
to the observed phenomenology.
So far, our analysis relied on deep MUSE data in a dou-
ble quasar field. These data will soon be complemented by
deep spectroscopic and imaging data from HST, extending
the wavelength of our observations from the near-UV to the
near-IR. These data will provide us with accurate redshifts
for galaxies in the redshift desert (1.5 < z < 3.0), as well
as strong constraints on the stellar mass and recent star-
formation of galaxies down to low stellar mass. The ap-
proach of combining multiple quasar sightlines with com-
plete galaxy surveys and an accurate reconstruction of the
galaxy environment is critical for understanding the role of
strong absorbers in the framework of how galaxies are fed
with fresh gas. In forthcoming papers, we will study the im-
pact of the group environment on the star-formation activity
of galaxies, while extending this work to higher redshift.
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